ABSTRACT High-purity zeolites A were synthesized from different coal combustion by-products (baghouse filter fly ash, cyclone filter ash, and bottom ash) and characterized in terms of morphology, chemical, and mineralogical composition. The products were tested for carbon dioxide capture by using a continuous CO 2 flow system passing through a column packed with the adsorbent material, which was connected to an analyser that directly measures the concentration of CO 2 . The values of CO 2 adsorption capacities calculated for the unmodified Na-A zeolites (ZABF, ZACF, and ZABA) were 556.48, 494.29 and 654.82 mg g -1 , respectively. These values were higher than those achieved by the calcium-modified zeolite samples. ZABA adsorbent presented the best performance in CO 2 capture when compared to the other adsorbent material and achieved an adsorption capacity 32% higher than a 4A commercial zeolite. In the adsorption cycles study, the percentage of CO 2 desorption by ZABA at the second and third cycles reached 93%, showing that zeolite A can be regenerated by heating at 150 ºC. The use of coal ashes to obtain zeolites and the application of these products for the CO 2 adsorption can be an important strategy to mitigate both the problem of waste management and the greenhouse gases emission in coal-fired power plants.
INTRODUCTION
Climate change has been intensely questioned by scientists from different areas, society, and government around the world, due to the catastrophic consequences that the increase of the average global temperature can cause in the planet's ecosystem. According to the Intergovernmental Panel on Climate Change (IPCC), the average surface temperature of the earth between 1901 and 2012 is much higher than pre-industrial levels, indicating that human action may have been responsible for this temperature increase [1] .
In this context, the burning of fossil fuels for energy generation, especially coal and oil, is pointed out as one of the main responsible sources for a large part of the carbon dioxide (CO 2 ) emitted in the atmosphere. Findings from several researches have shown a high correlation between the increase in CO 2 atmospheric concentration and the increase of the earth surface temperature [1] . In addition to generating a large amount of CO 2 , coal-fired power plants also produce some solid wastes, known as coal combustion products (CCBs). These residues may have different physical and chemical characteristics, besides grain size, and those characteristics depend on the type of coal burning at the power plant, boiler operating temperature, type of particulate material retention system, etc. [2] .
Among the many uses of CCBs, the synthesis of zeolites is considered an advanced strategy, since this material is a value-added product and has many applications [3, 4] . The adsorption of CO 2 by using zeolites is highlighted because it could eliminate both the problem of the accumulation of CCBs in sedimentation dams and the emission of CO 2 by thermal power station.
The application of zeolites for CO 2 capture can be classified as a post-combustion technique, which means that CO 2 removal is carried out after the coal [56] . The post-combustion technique can use either adsorbent material or porous solid to remove CO 2 from the exhaust gaseous mixture and has the advantages of reducing emissions in a short term and also be implanted in already existing thermoelectric power plants. In addition to the zeolites, several materials with suitable properties for CO 2 removal have been studied, such as carbonbased materials (activated carbon and graphene), mesoporous silica, modified organometals, amine-based materials, and lithium or calcium-based materials [7] . However, the use of highpurity zeolites in CO 2 removal is widely studied because that material is synthesized from low-cost solid wastes, as coal ashes.
The efficiency of a CO 2 separation process by adsorption depends on some properties of zeolites, such as high adsorption capacity, CO 2 selectivity relating to other gases (e.g., SOx and NOx) and stability when exposed to humidity and gas flow temperature [8] .
Different types of zeolites can be synthesized from coal combustion by-products. Zeolites type A and X present high CO 2 adsorption capacity when compared to other types due to their textural properties and pore size [7, [9] [10] [11] [12] . Zeolites type A require shorter crystallization time when compared to type X zeolites, and therefore may present lower costs for their production [2, 13, 14] . Also, the mixture of Na-A and Na-X zeolites or only Na-A zeolite presented better performance in CO 2 adsorption in N 2 atmosphere when compared to X zeolite, because of the higher selectivity for CO 2 concerning N 2 [12] .
High-purity zeolite has many hydroxyl groups (-OH) on its surface, which come from its tetrahedral structure and can act as a Lewis base. These hydroxyl groups bind to CO 2 , which acts as Lewis acid (Fig. 1) [15] .
Acid-base interaction occurs due to the basicity of the zeolite surface, but since the surface is not entirely homogeneous, it may also presents heterogeneity in its basicity [15] . The cation exchange of the exchangeable cations in zeolites with alkaline or alkaline earth metals such as calcium may lead to an increase of the zeolite basicity and, therefore, can increase the adsorptive capacity of acidic gases such as CO 2 [16] .
Thus, this study aims to synthesize high-purity type A zeolites by using different coal combustion by-products and to apply them in the CO 2 capture. A comparison among the performance of zeolite A in CO 2 removal and both the calcium-modified zeolites and commercial 4A zeolite is also shown. 
MATERIALS AND METHODS

CCB samples
Three different types of coal combustion by-products (CCBs), bottom ash, cyclone filter fly ash and baghouse filter fly ash were collected from Figueira Thermal Power Plant (FTPP), located in Paraná State (Brazil), in July 2015 and stored in plastic containers under environmental conditions.
Synthesis of zeolite A with and without modification
Na-A unmodified zeolites were synthesized from each CCB. Each ash sample was mixed with NaOH using a 1:1.2 mass ratio and grinded until a homogeneous mixture. The mixture was heated at 550 °C for 1 h, cooled at room temperature and grinded. Sodium aluminate was added to the grinded mixture to control the SiO 2 /Al 3 O 2 molar ratio and mixed with 100 mL of water. Each sample was then stirred at room temperature for 2 h at 150 rpm and heated to 100°C in an oven for 3 h. After cooling at room temperature, the suspension was filtered, and the solid was repeatedly washed with 1 L of deionized water and dried at 105°C overnight [2, 17] . The products obtained were labelled as ZABF, ZACF and ZABA based on the CCBs sources (zeolite A from baghouse filter, zeolite A from cyclone filter and zeolite A from bottom ash, respectively). Calcium-modified zeolites were obtained by ion exchange, and 3 g of each synthesized Na-A zeolite was added to 300 mL of 1 mol L -1 sodium acetate solution (CH 3 COONa.3H 2 O). The suspension was stirred at 25 °C for 24 h at 120 rpm. Then, each sample was filtered, and the solid washed with 1 L of deionized water and dried in an oven at 80°C. The dried samples were weighed and shaken at 25°C for 24 h at 120 rpm with 100 mL of 1 mol L -1 calcium acetate solution ((CH 3 COO) 2 Ca) [16] . The Ca-modified products were labelled as MZABF, MZACF and MZABA based on the CCB sources (for example, MZABF is modified zeolite A from baghouse filter).
Characterization of zeolite A with and without modification
Both unmodified and calcium-modified zeolite samples were characterized in terms of chemical composition by X-ray fluorescence (Bruker -S8 Tiger).
The mineralogical composition of the samples was determined by X-ray diffraction (Rigaku -Miniflex II) using Cu Kα radiation at 30 kV and 15 mA. The scan rate was 0.05 °/s and ranged from 5 to 55 º (2θ). Phase identification was made by searching the ICDD powder diffraction file database, with the help of Search-Match computer program. Each sample was covered with a thin layer of gold and examined using a scanning electron microscope to verify their morphology (HITACHI -TM300).
In cation exchange capacity (CEC) measurements, 1 g of each unmodified sample was saturated with 100 mL of sodium acetate solution (1 mol L -1 ), washed with 1 L of distilled water and then mixed with 100 mL of ammonium acetate solution (1 mol L -1 ). The sodium ion concentration of the remaining solution was determined by inductively coupled plasma optical emission (ICP-OES -Spectro -Arcos).
Carbon dioxide adsorption studies
The efficiency in CO 2 adsorption using the zeolites with and without modification was carried out in a continuous CO 2 flow system with a known concentration (standard CO 2 /N 2 0.1% -Air Products -USA) passing through a column packed with the adsorbent material and connected to an analyser that did measurements of CO 2 concentration directly (PICARRO analyser -G2301).
The column used in this study was assembled with a colourless PVC pipe of 6.5 cm in length and 3 cm in diameter, attached to the ends with carbon steel connections with zinc surface finish, generally used in industrial gas pipes to prevent leaks. A mass of 3 g of each adsorbent material was compacted into the columns with 2.5 cm of ultrapure glass wool at each end. Initially, the CO 2 flow was adjusted in 900 mL min -1 , which is the flow in which the equipment operates to obtain reliable data and also to establish a standardized methodology for CO 2 concentration measurements and subsequent adsorption capacities comparison among the different adsorbent materials. The CO 2 adsorption system, as well as the column used in the tests, is shown in Fig. 2 .
The equipment measured the initial CO 2 concentration after a purge with ultrapure nitrogen (Air Products). The columns were assembled for each zeolite and purged with N 2 for 3 min, in order to remove interfering gases and impurities from the column filling, followed by the passage of CO 2 flow during 20 min. The acquired data in the equipment were analysed for the determination of the saturation time of each sample. The adsorption capacity of each adsorbent per mass unit (q) was calculated by eqn (1) [16] .
where q is the adsorbed amount (mmol g -1 ), Q is the gas flow (L min -1 ), W is the weight of adsorbent used (g), C 0 and C are the initial and final CO 2 concentrations, respectively (ppm), t s is the saturation time and 24.45 is the factor which represents the molar volume in operating conditions (1 atm and 25 °C). 
Carbon dioxide desorption studies
The adsorbent material that presented the best CO 2 removal performance when compared to others (ZABA) was chosen for the adsorption/desorption cycle tests in order to determine how many times that material could be reused. The column used for the CO 2 desorption studies was assembled with a synthetic rubber pipe with the same dimensions of the column used for the adsorption tests (described in item 2.4), but with the capacity to withstand higher temperatures. After each adsorption step with the ZABA sample, the desorption step was initiated by heating the column containing the CO 2 -saturated adsorbent at 150°C (temperature at which the CO 2 is desorbed from zeolite A as determined by thermogravimetry in previous studies) during 30 min with a N 2 gas flow. Posteriorly, heating was withdrawn from the system, and the N 2 flow was maintained until the sample reached room temperature. After this step, the adsorption/desorption cycles were repeated. All CO 2 concentration data were acquired by a PICARRO analyser. The amount of desorbed CO 2 was calculated by eqn (2) (Adapted from [16] ).
where q is the CO 2 desorbed amount (mg CO 2 g
, Q is the gas flow (mL s Table 1 (by % weight). High-purity zeolites showed similar quantities of the major elements usually encountered in this type of products (silicon, aluminium, sodium and iron), independent of the sample. All other constituents were below 3% for all samples. The content of silicon and aluminium, which are the structural elements for zeolites, represented together at least 50% for the three products, while sodium content, which is the exchangeable cation of the zeolitic structures, varied between 15.5 and 16.4%. The SiO 2 / Al 2 O 3 ratio was 1.24 for both ZABA and ZACF and 1.22 for ZABF. According to Querol et al. [9] , those ratios can be related to the zeolite CEC. In addition, the SiO 2 /Al 2 O 3 ratios for the zeolites are lower than the values of raw fly ashes, determined in previous studies [18] , indicating that the zeolite synthesis treatment contributed to the increase in the CEC of these materials, because the lower SiO 2 /Al 2 O 3 ratio, the higher CEC of the zeolites [9] .
Synthesized zeolites also presented a loss of ignition (LOI) of 20.9, 17.6 and 12.6 % for ZABA, ZACF and ZABF samples, respectively. LOI values can indicate the presence of organic material or lighter compounds, which are not sensitive to the X-ray fluorescence technique. ZABA sample presented the highest LOI value when compared to the other CCBs because it was synthesized from the CCB which was exposed a shorter time to the flue gases during the burning of the coal at the power plant (bottom ash), and, therefore, presented a high content of unburnt carbon [19] .
The CEC values of zeolites are shown in Table 2 . The decreasing CEC values of samples were as follows: ZABF > ZABA > ZACF. All CEC values are similar to previous results in other studies [2] , [23, 24] . The highest CEC value for the ZABF sample was expected since this product also presented the lowest SiO 2 /Al 2 O 3 ratio as explained previously. Figure 3 shows X-ray diffraction patterns of unmodified zeolites. All products are very similar and are composed mainly of zeolite A phase and some trace amounts of quartz and mullite. The zeolite X-ray diffraction patterns are very similar to previous observations in other studies which synthesized high-purity A zeolites by using different CCB sources [2, [20] [21] [22] . Figure 4 shows the scanning electron micrographs (SEMs) of the three zeolites. Type A zeolites typically have a cubic structure [2, 21, 22] , and its presence in the samples can be verified that zeolite A is the main phase, as previously identified by X-ray diffraction.
The X-ray diffraction patterns showing zeolite A as the main phase, the cubic structures shown in SEM micrographs (Fig. 7) and also the CEC values indicate that zeolites which were synthesized by the method described in this study, by using different raw materials, can be considered as high-purity products.
Calcium-modified zeolites
The chemical compositions of three calcium-modified zeolites samples are given in Table 3 (by % weight). The results are very similar to unmodified zeolites (Table 1) , where Si and Al were the main elements. A significant amount of Ca was incorporated in the final products due to modification by ion exchange. The content of Fe and Na ranging between 2.42 % and 9.23% was also found in the samples. Quantities below 1% of all other elements are also observed. The LOI values for the Ca-modified zeolites were higher than those presented for unmodified zeolites (Table 1) and ranged from 28.9 (MZABA) to 32.9 % (MZACF). That difference may have occurred because Ca zeolites are more hygroscopic than the Na zeolites, and therefore can adsorb water from the atmosphere. Figure 5 shows the diffractograms obtained for MZABA, MZACF and MZABF, respectively. The three samples are composed mainly of zeolite A phase and some trace amounts of quartz and mullite, as the unmodified zeolites, indicating that calcium modification methodology did not influence the crystalline phases formed. The SEM photos of the Ca-modified zeolites are shown in Fig. 6 . The three products are formed by cubes, similar to the unmodified zeolite micrographs (Fig. 4) .
CO 2 adsorption tests with Na-A zeolites
The CO 2 removal by Na-A zeolites was evaluated by comparing the adsorption performance of both these products and the commercial 4A zeolite. The results are shown in Fig. 7 . The CO 2 adsorption breakdown curves show a high affinity between adsorbate and adsorbents. (a) (b) (c)
All curves were very similar for the three products. The saturation time and the CO 2 adsorbed amount calculated for each sample are shown in Table 4 . According to Table 4 , the saturation time was around 1,200 s for all zeolites. The adsorption capacities varied from 492.29 mg g -1 (ZACF) to 654.82 mg g -1 (ZABA). Na-A zeolites can be considered as excellent CO 2 adsorbents since they presented adsorption capacities values much higher than 176 mg g -1 [26] . According to the adsorption capacities showed in Table 4 , the sample synthesized from bottom ash (ZABA) presented better performance in CO 2 removal when compared to the other samples. The high affinity of ZABA for CO 2 can be related to its high content of organic matter or unburned carbon, evidenced in its LOI value (20.9 %, Table 1 ). Those compounds may be acting as adsorbents for CO 2 , besides the formed zeolite A. It is important to note that the adsorption capacities of ZACF and ZABF zeolites were very similar to the value of 4A commercial zeolite. On the other hand, ZABA sample achieved an adsorption capacity 32 % higher than 4A zeolite.
CO 2 adsorption studies with Ca-A zeolites
The CO 2 adsorption study by using the Ca-A zeolites was performed in order to evaluate the CO 2 removal capacity before and after the material modification. The breakdown curves and the calculated data for the modified zeolite samples (MZABF, MZACF, and MZABA) are shown in Fig. 8 and Table 5 , respectively. According to results, the saturation time was very similar to the values of unmodified samples (around 1,200-1,230 s for all zeolites). The adsorption capacities varied according to the zeolite type, although the variation was lower than those observed for unmodified materials. Ca-modified zeolites presented lower adsorption capacity when compared to unmodified zeolites because modified materials are more hygroscopic than the Na-zeolites, and therefore, the adsorbed water molecules can probably occupy the zeolite structure spaces available for CO 2 removal. These results are in accordance with Lee & Jo [16] .
CO 2 adsorption and desorption cycle study
The adsorption and desorption studies were performed in order to verify the amount of CO 2 that desorbed from saturated zeolite sample, and also whether there is a total or partial regeneration of those kinds of material when subjected to high temperatures. ZABA sample was selected for the tests because it presented the best results in the adsorption studies when compared to other samples.
The adsorption and desorption curves of ZABA are shown in Fig. 9 , where it is possible to verify that a behaviour change occurred after the first desorption step, similar to the curves obtained by Costa [25] . This behaviour can indicate that activation of the zeolite surface occurred undergoes the first heating (desorption step). The CO 2 adsorption and desorption curves were used for the calculations presented in Table 6 .
According to Table 6 , the result of the first adsorption step was similar to the test performed previously with the same sample ( Table 4 ). The adsorption capacity reached by ZABA was 616.88 mgCO 2 per gram of zeolite. It is also observed that the sample released a quantity of CO 2 higher than the quantity adsorbed in the first cycle. This is believed to have happened because the released CO 2 under high temperature can cause an activation on the zeolite surface, as previously mentioned. Posteriorly, ZABA showed a capacity to capture 2,427.19 and 2,480.25 mgCO 2 per gram of zeolite at the second and third adsorption steps, respectively, showing that there were more active sites capable of adsorbing CO 2 after first desorption step. The percentage of CO 2 desorption by ZABA at the second and third cycles reached 93%, showing that zeolite A can be regenerated by heating at 150ºC.
CONCLUSION
High-purity Na-A zeolites were obtained from different CCBs, and their structures were confirmed by X-ray diffraction and scanning electron microscopy techniques. The CO 2 adsorption capacities were 556.48, 494.29 and 654.82 mg g -1 for unmodified zeolites ZABF, ZACF, and ZABA, respectively. The saturation time, around 1,200 s, was similar for Ca-modified and unmodified zeolites. The best performing sample was the type A zeolite synthesized from bottom ash without modification (ZABA), which showed a 32% higher adsorption capacity than the commercial zeolite. ZABA was tested for adsorption and desorption cycles in order to determine the regeneration efficiency. The percentage of CO 2 desorption by ZABA at the second and third cycles reached 93%, showing that zeolite A can be regenerated by heating at 150ºC. It should be noted that bottom ashes do not find commercial application in Brazil and are usually disposed of in abandoned mines or transported to sedimentation ponds by hydraulic pumping. Therefore, the use of bottom ashes to obtain zeolites and the application of these products for the CO 2 adsorption can be an important strategy to mitigate both the problem of waste management and the greenhouse gases emission in coal-fired power plants.
